Abstract--Adsorption studies have been performed on Georgia kaolins having a broad range of crystallinity~and particle size distributions (from 0.1/~ to 44/~) using N2 (78~ H20 (273~ and BuNH2 (298~ Using both vapor and liquid phase adsorption techniques, surface affinities of the adsorbates were determined.
INTRODUCTION
Tlae BEHAVIOR of clay minerals, both chemically and physically, depends to a great extent upon their surface energetics, due in part to surface area and degree of mineral perfection. In kaolins, for example, pigmentary and rheological properties are influenced mainly by these parameters.
To define more clearly the role of surface character on adsorption, from which many kaolin properties derive, adsorption studies were performed on very diverse types of Georgia kaolins. A prime difficulty in interpreting data on kaolins, particularly those reported for single or small-suite samples, lies in associating the phenomena with their causes. Georgia kaolins, while reasonably pure, vary considerably in particle size, particle shape (Conley, 1966) , crystallinity (Hinckley, 1965) , and impurity content, both adsorbed, e.g. organic lignins and tannin, and extraneous, as micas, montmorillonites, quartz, etc. (Bates, 1967) . Thus. adsorptivity measurements will reflect various phenomenologles. Though some work has been reported on contaminant removal (Langston, et al., 1966) , it has not been practicable to obtain an impurity-free, physically unaltered kaolin specimen.
The present work represents an attempt to ascertain more accurately the functionality of the kaolin surface, per se, in adsorptivity. By use of broadly variant kaolins and regression analysis 37 with central limit bias (Univac 1108 programs), adsorptivity with varying adsorbate polarities was studied.
EXPERIMENTAL

Gas adsorption isotherms employing nitrogen at -196~
water vapor at 0~ and solution adsorption isotherms with butylamine in water-free heptane at 25~ were obtained, using conventional B.E.T. and Langmuir techniques and a Micromeretics 103 surface area analyzer. Thermodynamic evidence shows nitrogen, a non-polar molecule, to adsorb on both hydrophilic and hydrophobic areas. Water adsorption information was collected because many kaolin applications lie in aqueous systems. Polyamines are employed commercially to disperse kaolin in aqueous systems where subsequent interaction with various organic compounds (Bundy, 1963 , Dohman, 1967 ) is required. Also, aliphatic amines are employed for introducing hydrophobic character to clay surfaces (Jordan, 1949) . For these reasons, amine adsorption carries considerable interest. Butylamine was chosen as an adsorbate because of its appreciable solubility in both heptane and water, an analytical necessity. An anhydrous solvent was chosen to avoid competitive adsorption effects contributed by an aqueous environment.
The kaolins selected were representative mine samples from the Georgia area having a broad and continuous range of crystallinities and particle sizes. The crystallinity index, as defined by Johns and Murray (1956) , varied from 0.0 ~ 1-0, and the particle size from 0-1 # ~ 44p_ The samples were centrifugally classified on production equipment into four general particle size ranges (see Table 1 ) representative of commercial processing. While very narrow size fractions might prove advantageous in adsorption studies, they are exceedingly difficult to prepare in quantities greater than milligrams. Further, it was expected that results from this work could be directly applied to materials of commerce and problems of industry. Table 1 . Particle size classification of kaolins
*All samples were 100 per cent < 44p,.
The kaolins were converted to the hydrogen form by elutriation with H2SO4 at pH 3, water washed, dried at 125~ cooled under desiccation, and adsorption studies performed immediately thereafter. Hydrogen clays were chosen to obtain unequivocal results with amine adsorption and to clarify the location of acid sites on kaolinite. While Crystallinity index, C.I., as employed in this work, is an empirical measurement proposed by Johns and Murray (1959) and is the ratio of the intensities of 02]-and 060 kaolinite reflections in a randomly oriented sample. This intensity ratio is believed to measure primarily the randomness in "b" axis shift. The kaolins chosen for this work were selected for a continuous crystallinity range. Thus, the discontinuity in crystallinity index around 0.5-0.8, as reported by Johns and Murray with their random clay sampling, did not appear.
As crystallinity may vary geographically and stratigraphically, distributions of crystailinities can exist in any broad mine sampling, e.g. the materials in this study. Random mixtures of good and poor crystalline kaolins should produce a continuous series of crystallinity indices. Thus, no certainty of association exists between lateral or vertical displacements or particle size distributions. Hence, a given index likely measures mixtures of crystals within a sample possessing various degrees of "b" shift.
RESULTS
Within any single mine sampling, as shown in Table 2 , crystallinity varies inconsistently with particle size. However, over all samples, crystallinity increases qualitatively with decreasing particle size (Ormsby and Marcus, 1964) as reflected by the t test for validity. Crystallinity and particle size are well known influential factors in adsorption (poor crystallinity tends to restrict particle growth which is, in turn, associated with higher surface area). hydrogen clays are believed to transform to the aluminum form in time, aging studies showed no variation in N2, H20 or BuNH2 adsorption beyond that ascribable to analytical error (< 1 per cent).
Water adsorption
Modified Frenkel-Halsey-Hill plots, a means of determining surface affinity for gaseous adsorbates, were used to study the relative adsorptivity of water vapor and nitrogen, based on the success of Zettlemoyer (1968) , Pierce (1968) , and others in predicing surface character. In this technique, a slope is obtained from a data plot of volume adsorbed (or millimoles) vs. log partial pressure of adsorbate. By selecting the proper partial pressure region from initial B.E.T. plots, monolayer or multilayer adsorption can be studied.
The ratio of slopes for water to nitrogen was computed, each determined with a minimum of five data points and overall confidence level of 99.9 per cent. This ratio measures the relative affinity of the surface for water over nitrogen at their respective temperatures, and is termed the Hydrophilicity Index, H.I.
H.I.
A moles H~O ads./A moles N2 ads.
= /
The data for the 28 samples showed random scatter and gave no evidence of positive correlation between H.I. and organic content, either with carbon alone (graphitic impurity) or with carbon Adsorption of carbonaceous matter on interlaminar surfaces could block easily further adsorption of both H20 and N2. A second explanation lies in a more globular structure for the organic impurity, of a size which would contribute or block very little surface area. Based on the chemical analyses, a mean globular size of only 50 A for the organic matter would reduce its effective surface to less than one-tenth of the monolayer value. It is not likely that either this size or area would be perceptible by electron micrographic or surface area examination.
For purposes of interpretation of water adsorption on kaolin surfaces, the fraction of the surface on which organic contaminant interferes may, therefore, be neglected.
In the plot of crystallinity index vs. organic content, Fig. l , high crystallinity index materials show somewhat less contamination by statistical analysis than low index ones. Such a relation might be anticipated on the basis of higher surface energy on low crystallinity materials. However, the relationship is not pronounced. and hydrogen (carbonaceous impurity). A computed average area covered by the organic constituent, assuming a monolayer distribution, is approximately 1-2 M2/g, a small but significant fraction of the total surface area exhibited by water (3-16 M2/g). Yet, these data do not support the suggestion that the presence of naturally occurring organic impurities on a kaolin surface reduces detectably that surface's affinity for water as compared to nitrogen. Non-interference may be variously interpreted. Organic materials may adsorb at locations distinctly separate from H20, whether on kaolin or on the accessory minerals.
In Figs. 2 and 3, a trend exists towards higher hydrophilicity with poorer crystallinity for all particle size fractions, in both monolayer (P/Ps~t. = 0.10)and multilayer (P/Psat. ~ 0"35 adsorption. In poorer crystallinity clays, the b-axis displacement of layers (Brindley, 1951; Brindley and Nakahira, 1958) could generate edge displacements, and, hence, contribute high energy sites.
The slope of hydrophilicity index vs. crystallinity index is steepest with the coarsest fraction, A, and decreases progressively with finer particle size. This would be explained, in part, by the A fraction, which contains more blocky particles, having the greatest ratio of edge to total surface. A discontinuity in the slopes occurs between 0.3 and 0.6 crystallinity index with all particle size fractions, both in monolayer and multilayer adsorption. Following this break, the slope again reverses to about its original value, considering the sparcity of data near the high C.I. region. The discontinuity appears to be related to crystallinity and not to particle size. For example, C samples generally have lower crystallinity indices than B and D and higher values than A. However, the knee of the early break in C precedes both B and D but follows A.
Hydrophilicity index values for monolayer coverage are consistently higher than for multilayer, which suggests the operation of dipole-dipole forces at the high energy sites, whose magnitude decreases rapidly with distance*. Thus, the affinity for adsorbate at approximately 3 layers (P/Psat. = 0"3), while decreased, is still significant. At much higher adsorption pressures, where 5-10 layers form, the attractive influence of the surface (and *Dipole-dipole interactions vary inversely as the seventh power of the distance. the anomaly in the H.I. vs. C.I. slopes) is obscured.
The adsorption of water on the various surfaces of clay minerals has been the subject of much investigation (Johansen and Dunning, 1959; Keenan, Moody, and Wood, 1951; Martin, 1959; Orchistron, 1954; Sposito and Babcock, 1966; Van Olphen, 1965) . The adsorption isotherm is not sufficiently definitive, even by the sophisticated methods of Ross (1964) , to properly locate water molecules during monolayer coverage. However, a comparison of water vs. nitrogen adsorbed at monolayer coverage for a wide variety of kaolins should yield some insight into this problem.
Independently of the location and mechanism of molecular adsorption, the molar adsorption index for water vs. nitrogen, M.A.I.H~o/N~, is given by ~" fH2 oCI-bo M'A'I'H~~ = fxn~Cn~ wheref = effective area exhibited by a given molecule on a given surface in ~/molecule C = number of molecules on that surface.
The effective area for nitrogen is an empirically determined number, varying slightly with the substrate (Livingston, 1959) . For kaolins a value of 15-8 ,~2 for N2 represents an overall average for the various surfaces. The surface area of kaolinite particles may be computed accurately from electron micrographic surveys. and is determined from shadowed electron micrograph measurements. Table 3 contains various adsorption models, effective areas, shape factors, and predicted values for M.A.I.u~o~n2 based thereon. The value of ~ = 0-16 is an average for various C and D fractions (Conley, 1966) while 0.30 is representative, though less consistently, oftheA fraction (> 5tz).
While other adsorption models are theoretically possible, they either are mathematically more remote or no thermodynamic evidence has been given in their support. Model 4 is the conclusion by Sposito and Babcock (1966) following treatment of the energetics of adsorption by a modification of the Schroedinger quantum energy equation. Terms are included for the various vibrational modes of the H20 molecules and van der Waals moleculecrystal surface interactions. Solved for the potential energy minima, the set of equations predicts the most probable molecule orientation of water on the various kaolinite faces. Model 1 is derived by Hendricks and Jefferson (1938) from ice configurations.
The fourteen C and D particle size samples are represented in the mole adsorbent plot, Fig. 4 . The slope for these data represents an experimental determination of M.A.I.H~o/N~. The best fit of a line through the origin yields a slope of 0.64, a value quite close to the adsorption mechanism in Model 4. Thus, the present experimental data strongly support the theoretical work of Sposito and Babcock.
Butylamine adsorption
Adsorptivity of butylamine on the kaolin surface, like adsorptivity of water, shows no positive correlation with the organic contaminant, even at increased levels of organic content. Further, no relation is extant between the adsorptivity for butylamine, KBunH,, on kaolin surfaces and crystallinity index. This may be due in part to the use of a non-aqueous medium for BuNH2, as opposed to pure gas adsorption for N2 and H20. While it is not rational to relate the Langmuir adsorptivity factor, K, to the N2 and H20 volume/partial pressure slopes on a quantitative basis, some general observations can be made.
The quotient, K/moles Nz ads./log Po/Psat N' is a .... -z quahtatlve measure of the affimty, per umt surface, of the various clays for butylamine and circumvents inherent surface area effects. Table 4 contains the crude data distribution for all members of Table 2 in three subranges of crystallinity. Though no firm conclusions can be drawn, some indication exists that surface affinity for butylamine is high with both poor and well crystalline kaolins Brindley and Robinson (1946) , Newnham and Brindley (1956) . and low in the mid range. This trait is not dissimilar to the surface affinity for water. Adsorption mechanisms for BuNH2 and H20 appear quite different. Theoretical slopes for various models of surface coverage by BuNH~, assuming 25 .&2 for the area of butylamine molecule (Betts and Pethica, 1956 ) and 15.8 A2 for nitrogen, are itemized in Table 5 . In Fig. 5 , butylamine vs. nitrogen for monolayer coverage, the best straight lines through the origin for the experimental data forA and B fractions and C and D fractions have slopes of 0.30 and 0.20, respectively. Characteristically, butylamine is known to adsorb on Lewis or Bronsted acid sites, as demonstrated by Benesi (1957) using Hammett indicators, and acid sites on kaolin are primarily on edge faces (Hertl and Hair, 1968 , Peri, 1966 , Solomon and Rosser, 1965 . With 6: I platelet geometry for C and D fractions and the assumption that butylamine adsorbs only one molecule per A1-Si edge group, the computed slope for Model 9, 0.195, lies very close to the observed 0.20. The experimental slope value 0.30 for the A and B fractions, by the same reasoning, is represented well by the predicted value, 0.293, for > 5~ fractions. Thus, it seems evident that butylamine adsorbs primarily, if not exclusively, on the edge faces.
If butylamine adsorbs essentially on the edge faces of kaolin and if a differential affinity for BuNH2 exists throughout the crystallinity range, as shown qualitatively previously, it is probable that surface acid strength is influenced by crystallinity. Further support is lent by titration studies (Conley and Golding, 1959) of kaolins with bases of varying dissociation constants. The slope of pH vs. base added, both early in the titration and near the equivalence point, is a measure of the Ka of the kaolin acid groups. These data strongly suggest that clays with low and high C.I. values are associated with higher Ka values (stronger acid groups) than mid range C.I. ones.
Present evidence is too meager to define precisely the mechanism for acidity variance. Likely, it lies in alteration, incomplete and hindered coordination and crystal field effects on surface structures generated by crystaUinity and b axis dislocations. Continued work is in progress in this area.
SUMMARY
The behavior of the kaolin surface with respect to the adsorption of nitrogen, water and butylamine is diverse. Thermodynamic evidence points to a uniform molecular distribution for the non-polar N2 molecules partly as the result of extremely low temperature adsorption. The highly polar, but neutral, water molecules have a restricted configuration at 0~ Their adsorption behavior fits the theoretical proposals of Sposito, i.e. 1 molecule per basal silicon atom, 1 molecule per two basal aluminum atoms, and I molecule per edge aluminum -silicon group. Butylamine, a stronger electron pair donor, chemisorbs at the acidic sites, essentially the incompletely coordinated, edge aluminum atoms. In very poorly crystalline kaolins, slightly more butylamine adsorbs than predicted, which suggests the presence of basal acidic sites. Both water and butylamine show an adsorption anomaly in the mid range of crystallinity as measured by the criterion of Johns and Murray. The consistency of the pattern points to a structural factor influential in the coordination of polar molecules on kaolin surfaces.
Organic material, e.g., graphite, tannins, and lignins are present in nearly all kaolin deposits. However, even in concentrations up to 1 per cent, their effective surface produces little or no interference in the adsorption of polar molecules.
